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ABSTRACT

The PVT properties, entropy, enthalpy, internal energy, thermal conduc-
tivity and viscosity of He3 have been tabulated between 1°K and 100°K at
selected pressures up to 100 atm. Measurements were made on the PVT
properties and the specific heat at constant volume of gaseous He* from
4°K to 20°K and a modified Strobridge equation was obtained which repre-
sented the PVT data within ¥ 1%. Using this equation, the SVT and HVT
surfaces were obtained from 4°K to 20°K. A correlation based on the
quantum version of the principle of corres nding states was used to cai-
culate the thermodynamic properties of He3 from 20°K to 100°K. Similar
correlations were developed for the viscosity and thermal conductivity of
He3 for temperatures up to 100°K. Tabulations of thermodynamic proper-
ties of He3 along the vapor-liquid boundary and in the compressed liquid
region are also included in the tables. An H-S diagram of the data with

P, V, and T as parameters is included in the report.

iii




TABLE OF CONTENTS

Page
b
" I INTRODUCTION. . ....cotvvennrcnannonnens 1
II. LITERATURE SURVEY OF EXISTING HE® DATA . .. 4
EXPERIMENTAL APPARATUS. . . . . ¢t et vt v v e e 5
1. The Gas Handling System. . . .. . ¢t e v e s o v oas 5
2. The Cryostat and Calorimeter Assembly ...... 7
3. The Measurement of Pressure, Volume,
and Temperature . . . . « vt o ¢t e e v s 00 v oo . 10
4. The Measurement of the Mass of Gas in
the Calorimeter. . ... .. ... eeevoeeos 11
5. The Energy MeasurementsS. . « . « + 2 ¢ v e v 00 s o 13
6. Materials . . . ... et 13
IV. EXPERIMENTAL PROCEDURE, ERRORS
AND RESULTS. . .. ...t 00 ev i et e e e 14
1, The PVT Measurements and Resuits . . ....... 15
2. The Measurement of the Specific Heat,
Errorsand Results. . . . . .. .ot et n e i v 20
V. CORRELATIONS OF THE PROPERTIES OF HES:
THE EQUATIONOF STATE. . . . . ¢ ¢ v sttt e o s 28
1. The Equationof State . ...........c00. ... 29
2. The Derived Properties. . . . . ... o0t 0 v 32
V. EMPIRICAL CORRELATIONS USING THE
PRINCIPLE OF CORRESPONDING STATES ....... 36
1. Quantum Version of the Principle of
Corresponding States .. .. ... ¢t e v v oo 38
2. The Dependenceof P*on /\.*............. 39
3. The PropertieS Of NeOn. . . v v ¢ e v e v v s v o e s v 41
4. The Propertiesof Hydrogen. . . .. .. .. .c.. .. 46
5. The Propertiesof He3. . ........... e 46

iv




TABLE OF CONTENTS (continued)

Page
VII. THE TRANSPORT PROPERTIES OF HE3.......... 51
1. The Equations for the Thermal Conductivities
of Argon and Helium4 . . . ... ...... Wt e e e 52
2. The Thermal Conductivity of Ne and Hed ....... 55
3. The Viscosity of Hydrogenand Argon. . .. .. .. .. 59
4. The Prediction of the Viscosity of Neon
andHelium3 . . ... ...ttt in e 62
5. Range of Validity of the Correlations for the
Viscosity and Thermal Conductivity. . . .. ...... 65
VII. THE THERMODYNAMIC PROPERTIES OF HES. . . ... 68
1. The Vapor-Liquid Boundary. ......... e e a 68
2. The Liquid Region L] e o * o f 8 & ® & ¢ ¥ & 8 © ¢ 0 0 9 69
3. TabulationoftheData. .. ...cc0o0v e ... 69
REFERENCES L ] * & v o O e 6 0 & & 5 0o ¢ 5w O O 0 0 ¢ * 0 * @ © @ 73
APPENDIXI-BIBLIOGRAPHY ... ....¢cvove e 71
APPENDIX II - TABLES OF THE THERMODYNAMIC
AND TRANSPORT PROPERTIES OF HE3 FROM 1°K
TO 100°K . .. ... vttt nenennns e e 99
APPENDIX III - Mollier Chart for He3 from 1°K
T < . 170

Mollier Chart for He® from 20°K
tOIOOOK....o..o..-.......... 171




LIST OF FIGURES

Figure Page No.
1 Schematic of the Gas Handling System . . . ... ... 6
2 Schematic of the Low Pressure Cell .......... 8
3 Schematic of the High Pressure Cell . . ... .. ... 9
4 Response of Germanium Sensor Versus

Temperature. . . . v v o vt o v v v v v 0o 0 nouoe 12

) Heat Capacities of the Calorimeters .......... 16
6 Isopycnals of Pressure Versus Temperature . ... 17
7 Isotherms of Pressure Versus Molar Volume . ... 18
8 Isopycnals of (%)V Versus Temperature . .. ... 22
9 Isotherms of Cy; Versus Molar Volume ........ 26
10 Error in P Predicted by Equation (3). . ........ 31

11 Comparison of the Calculated Entropy
Values and the Entropy from the
CalorimetricData. . ... ........¢ .0 ... e 33

12 Comparison of the Calculated Enthalpy and
the Enthalpy From the Calorimetric Data., .. ... 34

13 Reduced Pressure vs A*2 at Fixed (T*,V*). .. ... 40

14a Comparison of the Pressures From the McCarty
Stewart Equation and the Present Correlation
with Experimental Pressures at 70° K and
100K . .. oo vvevinnnne et e e 42

14b Comparison of the Pressures Predicted by the
Present Correlation with the Pressures From
the McCarty Stewart Equation for Neon . .. .. ... 42

vi




LIST OF FIGURES (Con't)

Error in the Prediction of the Entropy

Comparison of Enthalpies From the McCarty
Stewart Equation and From the Present
Correlation for Neon. . . . v vt s v v ev e v v ..

Comparison of the Computed Pressures for
Hydrogen With Experimental Pressures

Comparison of the Computed Enthalpies for
Hydrogen With the Experimental Data .

Comparison of Predictions and Data for Hed
Between 89K and 20°K

Comparison of Calculated and Experimental
Values of the Thermal Conductivity of Argon
as a Functionof Density .............

Comparison of Calculated and Experimental
Values of the Thermal Conductivity of He
as a Function of Density .. ..

Comparison of Calculated and Experimental
Values of the Thermal Conductivity of Neon

Reduced Thermal Conductivity at Low
Pressure Versus Reduced Temperature For
Several Gases

Error Plot For the Calculated and Experimental
Viscosities of Argon

Reduced Viscosity Versus Reduced de Broglie
WW~velength for Several Gases at Fixed
Reduced Temperature and Volume

Comparison for Calculated and Experimental
Viscosities of Neon. .




Table

———rnn

n.

1v,

VIIL,

LIST OF TABLES

ESTIMATED ERRORS FOR VARIOUS PROPERTIES. . ..

ISOTHERMS OF PRESSURI" VERSUS VOLUME AT
TEMPERATURES BETWEEN 4°Kand 20°K .. ...... .

ISOPYCNALS OF PRESSURE vs TEMPERATURE ... ..

VAILUES OF (%g) AT SELECTED TEMPERATURES
\'

AND VOLUMES 5 & & o & 0 & 9 ¢ 8 5 0 0 5 6 82 O 8 0 0 & e o 06 o @
ISOTHERMS OF SPECIFIC HEAT AT CONSTANT

YOLUME VERSUS VOLUME BETWEEN 4°K AND 20°K ..

VALUES OF MOLECULAR AND REFERENCE STATE
CONSTANTS e & o & & 5 o & & 8 @ @ ® & & ¢ O & 5 0 2 8 0 0 8 0 e ¢ 9

THE REDUCTION PARAMETERS FOR THE TRANSPORT
PROPERTIES...'II....... ....... ® 6 & o & s o ¢ o

THE VAPOR LIQUID BOUNDARY . . .. v e v e v e v e 0t .

viii

Page

19

21

23

27

37

57
70




NOMENCLATURE

Macroscopic Quantities:

S = entropy
H = enthalpy

U = internal energy

Cy = heat capacity at constant volume

Z = compressibility

Xo = standard state of a property X where X is S, H, U,

V or p.
To = normal boiling of a substance
A = viscosity
Ao = viscosity of a gas at 1 atm
M- Mo =  excess viscosity
K = thermal conductivity
Ko = thermal conductivity of a gas at 1 atm
K-Ky = excess thermal conductivity
©# = density in gm/cc
V = molar volume
Microgcopic Quantities:

€ = intermolecular force constant for the Lennard Jones potential,
k = Boltzmann's constant
o° = collision diameter

N = Avogadros number

T* = T/(€ /k) reduced temperature

V¥ = V/{(No )rgduced temperature

P* = p/(€ /o °)reduced temperature

N* = p/ J€m o?-= reduced de Broglie wavelength

= reduced viscosity

o
]
Iq
N
N’
<
(&)
=g

= reduced thermal conductivity
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SECTION I
INTRODUCTION

This report, under USAF Contract AF 33(615)-2870, assembles all the data
on He3 necessary for the design of refrigeration systems which use He3 as
the working fluid. The aim was to provide tables of PVT, enthalpy, entropy,
internal energy and laient heat of vaporization data accurate to * 1% and
thermal conductivity and viscos. y values with an accuracy of * 10% over the
region 1°K to 100°K and 1 atm to 100 atm.

A comprehensive survey of all the data on the thermodynamic properties of
He3 that are available in the literature was made to avoid any duplication of
effort. This survey is discussed in Jection II and the bibliography ic provided
in Appendix I. The literature data available deal mainly with the liquid

region (59), the vapor pressure curve (20, 31, 60-63), the latent heat of
vaporization (1), the thermal conductivity and viscosity of the liquid (4, 12,
58, 61), and apart from the isotherm data of Kerr (31) and Sherman {57, 58)
below 5°K there are no measurements at all for the gas phase. An experi-
mental program was therefore undertaken to determine some of the properties
of the gas phase.

Measurements of the PVT and Cy properties of gaseous He3 were
made from 4°K to 20°K. The experimental apparatus is described
in Section III and the errors and results are discussed in Section IV,
The data were correlatedwith a modified Strobridge equation which
is discussed in Section V. These data were not sufficient to describe
the properties of He3 from 19K to 1009K, therefore it was necessary
to predict the properties of He3 from 209K to 100°K. A correlation
based on the quantum version of corresponding states was developed
to predict the properties of He3 from 209K to 1009K and was tested
against the experimental data between 10°K and 20°K. A full des-
cription of the method is given in Section VI.

Information on the viscosity and thermal conductivity for He?d is available for
the liquid (4, 13, 74) but apart from the low pressure data of Misenta (46, 47)
and Fokkens et al (16), there are no data for the gas phase at all. Using the
same basic theory as for the correlation of the PVT data between 20°K and
100°K, correlations were developed for the viscosity and thermal conductivity
of gaseous He3 to cover most of the temperature range. These correlations
could not be checked against experimental He3 data at high pressures as none
was available. The development and accuracies of these correlations are
discussed fully in Section VII.
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The results of the experimental work and the values predicted by the
correlaiions were combined with the appropriate literature data to produce
a set of tables of the PVT data, entropy, enthalpy, internal energy, vis-
cosity and thermal conductivity at selected pressures and at intervals of
1°K from 1 °K to 100°K; the vapor pressure curve and the latent heat of
-aporization are also included in the tables. Section VIII describes how
these data were combined to produce the tables and also lists the literature
sources used for the vapor pressure and latent heat of liquid He3, The
determination of the entropy, enthalpy and internal energy of He3 between
4°K to 20°K from the experimental data is described in Section V.

The tables are listed in Appendix II. An H-S diagram covering the range
1°K to 100°K was also prepared and is included in the report.

The accuracies of the various quantities are estimated in the appropriate
sections., Table I summarizes the best estimates of the probable errors in
the tables of the thermophysical properties over the entire range from 19K
to 100°K. It is felt that the accuracy of the data presented here is more
than sufficient for all engineering purposes.
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TABLE I

ESTIMATED ERRORS FOR VARIOUS PROPERTIES

Temperature
Range

1-100°K

1-100°k
1-100°K
1-100°K
1-100°K
1-100°K
12-100°K

1-12°K

Pressure
Range

1-100 atm

1-100 atm
1-100 atm
1-100 atm
1-100 atm
1-100 atm
1-100 atm
Not Available

Estimated
Error

1+

1%

1+

1%
t 3-5%
3-5%

"t

i+

3-5%
10%
10%

t+

1+
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SECTION O
LITERATURE SURVEY OF EXISTING HES DATA

A literature search was made to obtain all existing data relating to He3 for
the following properties: PVT data, equations of state, equilibrium data,
melting point, latent heat, specific heat, entropy, expansion coefficients,
compression coefficients, velocity of sound, surface tension, thermal

conductivity and viscosity.
The search included the following sources of information:

C. J. Gorter - '""Progress in Low Temperature Physics' Volumes I,
I, IOI and IV, 1957 - 1964,

N.B.S. Tech. Note 309 ""A Bibliography of Experimental Saturation
Properties of Cryogenic Fluids'" - N. A. Olien and L. A. Hall, 1965.

Mound Laboratory Report - A. E. C. Research and Development Report
"He3: An Annotated Bibliography'' U. S. Government Contract No.
AT-33-1-Gen-53, 1964.

Chemical Abstracts, 1958 - 1966.

The bibliography is listed in Appendix I. For convenience, reference figures
indicating the regions for which data are available have been prepared and
are included in the appendix. The source of data for a particular region is
indicated by a letter on the diagram. Such a letter identifies a reference in
the table at the foot of the figure which contains the author's name, the year
of publication and the number of the reference in the bibliography, also
listed in Appendix I. This bibliography is not exhaustive but covers only
those sources which contain useful information up to mid-1966 when the

bibliography was prepared.




SECTION I
EXPERIMENTAL APPARATUS

The apparatus was designed to make PVT and Cy measurements in the
region 4°K to 20°K and 1 to 200 atm. This required a cryostat and calori-
meter which were able to hold steady temperatures for a period of 12 to

15 hours, a gas handling system capable of producing high pressures with
the limited amount of He3 that was available and a calibrated volume _to
determine the mass of gas that was admitted to the calorimeter. He3 is
very expensive so it was essential to have a recovery system for the gas
used in the experiments. These apparati and the measurement of the
pressure, temperature and cell volume are described in this section. The
corrections to the raw data are discussed elsewhere.

1. THE GAS HANDLING SYSTEM

The gas handling system was made of steel piping and is shown
schematically in Figure 1. A 20-liter vessel was used for storgge of
Hed at 1 atm. To obtain high pressures in the cryostat, the He® was
transferred from the storage vessel to a 100 cc coil in a liquid He4 bath
by diffusion through valve 6 or pumping via valves 6, 10, 31, 34, and 4.
The He4 bath could be pumped on to produce lower temperatures. On
warming ‘he coil to room temperature, a high pressure was generated
which was further enhanced by the use of the volume regulators 1, 2,
and 3. The compressed He3 thus obtained could be transferred to either
the half liter cylinder or to the calorimeter in the cryostat as desired.

The half liter cylinder and the lines to the transducer formed a calibrat-
ed volume which was used to determine the mass of gas admitted to the
calorimeter. The half liter cylinder was maintained at constant tempera-
ture in a water bath and the lines were insulated with glass wool. Three
thermocouples at different locations measured an average temperature

of the lines.

To remove gas from the cell, a vacuun pump was used which was able

to produce an inlet pressure of 10-3 mm. of Hg. when the outlet pressure
was 1 atm. A cold trap was inserted to prevent any carry over of oil
from the pump. Molecular sieve columns were included to remove air or
other contaminant which might have entered the system. It was thought
the pump oil and the pressure generators might be sources of air contami-
nation.
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THE CRYOSTAT AND CALORIMETER ASSEMBLY

A conventional double dewar with liquid nitrogen and helium as the
refrigerants was used to produce temperatures in the range 1°K to 20°K.
The inner dewar containing liquid helium could be pumped on with a large
pump, capacity 140 cfm, to obtain the lowest temperature, about 1.2°K.
The calorimeter assemblies, shown schematically in Figures 2 and 3 for
the low and high pressure calorimeters, were placed in the cryostat.
The calorimeter was suspended by its fill tube in a vacuum can which
isolated it thermally from the liquid helium bath. He4 gas could be
admitted to the vacuum can to link thermally the calorimeter and He4
bath; 50 microns of He gas were sufficient to ensure rapid cooling. The
pieces of the can were soldered together with a solder which melts at
117°F.

The heat sink and the two copper brushes on the fill tube were designed
to eliminate heat leaks to the calorimeter. The heat sink was a 700 gm.
copper block with a 15 ohm heater and its temperature was always kept
close to that of the cell. The copper brushes made a surface to surface
contact with the steel sugport tube. The lower brush and heat sinks were
linked directly to the He* bath by wires soldered to the vacuum can. All
electrical connections to the calorimeter were made of 40 gauge copper
wire and were varnished to the fill tube, brushes and heat sink. With
this arrangement, a warm-up rate of <0.01°K/minute was obtained at
3°K.

The wide range of pressures to be covered made it necessary to corstruct
a low pressure calorimeter and a high pressure calorimeter which are
shown schematically in Figures 2 and 3.

Both calorimeters were made of copper; the low pressure cell was as
light as possible to ensure that the heat capacity of the copper was much
less than that of the gas at low pressures. The heat capacity of the high
pressure cell was always less than that of its gaseous contents. Each
calorimeter consisted of a chamber with a stainless steel fill tube silver
soldered into the top and a heater made of 15 ohms of nichrome resistance
wire wound around it. The heater was varnished on to the calorimeter
and surrounded by a radiation shield to reduce radiation losses. The
chamber was 10% filled with copper wire to ensure there was good thermal
contact throughout the body of the gas so that equilibrium was quickly
established. The thermometer, a doped germanium sensor, was soft
soldered into a well at the top of the calorimeter.
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THE MEASUREMENT OF PRESSURE, VOLUME, AND TEMPERATURE

All pressure measurements were made with Dynisco model 1194H
strain gauge transducers and displayed on a K-3 Leeds and

Northrup potentiometer. Two transducers were used, one reading from
0 to 500 psig the other from O to 3000 psig. The output of the trans-
ducers at ~onstant voltage was calibrated against a dead weight tester,
The atmos} ..eric pressure was read on a Fortin barometer as this had
to be a. led to the transducer output to obtain the pressure. There was
a slight hysteresis effect of # 0, "5% but care was taken to always
measurs with the pressure increasing. The outputs which were nearly
linear were fitted to a cubic cquation to€0. 1%. The reproducibility of
the output was about 0. 1%.

The volume of the half liter cylinder was determined by weighing the
amount of water required to fill it. The normal corrections for buoyancy,
temperature, and balance sensitivity were applied and the final volume of
the cylinder was taken as 433.495 * 0. 150 cc. The other volumes were
found by a gas expansion method using He4 gas with the half liter cylinder
as the reference volume.

To determine the voiumes of the calorimeters accurately the volume of

a 75 cc. stainless steel bomb with two stainless steel valves was determin-
ed by weighing the mercury required to fill it at 1, 50, and 100 atmospheres.
The volume of the bomb was (87.389 + 0. 005 p) cc. where p is in atmos-
pheres.

A valve was attached to the fill tube of the calorimeter at a point~3 cm.
from the calorimeter. The bomb and calorimeter were connected and
filled with Freon-14 gas at the same temperature and pressure. The ratio
of the weights of Freon-14 in the two vessels determined the volume of the
calorimeter. The weight of Freon in each bomb was determined to

+0. 0004 gm. which enabled the volumes to be determined to * 0.01% and
the variation of volume with pressure to be followed. The final volumes
for the calorimeters were:

Low pressure calorimeter 92. 41 cc.

High pressure calorimeter 14,759 + 0,000096 p cc. (p in atmosphere)

The volume of the valve and tube to the cell was determined by weighing
the mercury required to fill the valve and a length of tube identical to
that from the valve to the cell.




A correction was made for the contraction of the copper in cooling

from room temperature to 4°K; this amounted to 0.98% and was obtained
from the thermal expansion data of copper (2). The variation of the cell
volume with pressure was taken to be the same at all temperatures since
the elastic constants vary only by ~ 10% on cooling from room tempera-
ture to 4°K. 'The volumes of the cells were thought to be known to

+ 0. 1% under the operating conditions.

The temperature of the calorimeter was measured by a doped germanium
sensor which was calibrated by Radiation Res., Fla. The resistance was
obtained by measuring on a K-3 potentiometer the voltage drops across
the sensor and a one ohm standard resistance (1.4 * 0, 0001) in the same
circuit. The response of the sensor is not a linear function with tempera-
ture as may be seen from Figure 4. Difficulties were caused by this type
of response when the calibration of the first sensor used was found to be
in error. The change in the calibration of the germanium sensor was
thought to be caused by overloading the sensor with too large a current.
This was possible as an operator error could cause the pressure trans-
ducer input to flow through the sensor circuit. Small thermocouple emf's
in the measuring circuit had to be eliminated as they caused complications
since the error in temperature associated with the disturbance varied
sharply with temperature and had a maximum in the region of ~10°K. 1t
did not prove possible to obtain an equation which fitted the calibration to
0.01°K so a cubic interpolation scheme was used which was accurate to
0.005°K (65). The output could be displayed on a recorder for ease of
reading; this was not used for measurement. The temperatures of the
heat sink, first and second brushes were measured by gold-silver thermo-
couples while the temperature of the room was measured with a chromel -
alumel thermocouple.

THE MEASUREMENT OF THE MASS OF GAS IN THE CALORIMETER

The mass of He3 gas in the half liter cylinder and the lines was obtained
using the equation for He4 of McCarty and Stewart (41) from the pressure,
temperature and volume of the system. This equation of state has an
average crror of ¥ 0,05% at room temperature. Some of the gas was
condensed into the cell and the mass remaining in the half liter cylinder,
etc. was obtained. The difference between these figures gave the mass
in the calorimeter fill tube and transducer manifold. A temperature
distribution was assumed for the fili tube and the amount of gas in it was
calculated by the equation of Mann (42) below 20°K and the
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equation of McCarty and Stewart (41) above 20°K. The latter, while
more accurate, is not valid below 20°K. At the lowest temperatures,
below 7°K, the error in the correciion can be as high as 10%. However
since the correction was not > 2% in this region, the overall error in the
mass of gas in the calorimeter was always <0.2%.

THE ENERGY MEASUREMENTS

A power pack source using a constant voltage supply with a smooth output was
used as the power supply. The output of this unit was constant to * 0. 05%.
To facilitate rapid measurement during the heating period, the current

and voltage across the heater could be displayed on a recorder.

The measurements however, were made on a Leeds Northrup potentiometer
by measuring the voltages across the heater and a standard resistance in
series with the heater. The timer, which was operated by the same switch
aj the heater, used the main frequency as a base and could measure to

1/60 sec.

MATERIALS

The Hed was supplied by Mound Laboratory, Miamisburg, Ohio with a
stated purity of 99.96% He3 * 0. 03% Hp. Before use, the gas was passed
through a molecular sieve column immersed in liquid nitrogen to remove
any traces of air or water which might have got into the system. After
the experiments were completed the gas was reanalyzed by mass spectro-
metry and had essentially the same composition as before.

13

o ki N




SECTION IV,
EXPERIMENTAL PROCEDURE, ERRORS AND RESULTS

The normal procedure was to evacuate the calorimeter, the half liter cylinder,
and the lines for several days at room temperature. The calorimeter was
then cooled down as far as possible with liquid nitrogen with some exchange
gas in the can to make a thermal link from bath to calorimeter. Then liquid
helium was put into the inner dewar to complete the cooling down to 4°K. The
exchange gas was removed from the can and the calorimeter was isolated
from the bath. A series of measurements was made to determine the heat
capacity of the cell which was very close to that of pure copper.

A known amount of gas was admitted to the calorimeter from the half liter
cylinder, after which the cylinder was isolated from the transducer and
calorimeter. The pressure and temperature were then measured under stable
conditions. The heater was then switched on and the heater current and volt-
age measured and timed. The normal temperature increment was about 1°K
and the usual correction of extrapolating the fore and after temperature drifts
to the midpoint of the heating period was made. This correction was always
less than 0. 03°K. A new constant temperature was obtained and anoth:r PVT
point was measured. This sequence of measurements continued from 3°K to
20°K and was repeated with different masses of gas in the cell to cover the
pressure range.

To obtain the highest pressures a different loading procedure was adopted.
The gas was loaded directly into the calorimeter which was held at 1. 2°K.
The pressure generators were used to obtain the highest pressure possible at
this temperature. The total mass of gas in the system was measured after
several isopycnals had been obtained by warming the calorimeter up to the

ice point and measuring the pressure of the gas in the half liter cylinder, the
lines transducer manifold and the calorimeter. The mass of gas in the calori-
meter was varied by releasing some gas into the half liter cylinder. The
amount in the calorimeter during each isopycnal was obtained from the total
amount present, minus that in the half liter cylinder. The errors associated
with these experiments and the results are discussed in the following sections.

14
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THE PVT MEASUREMENTS AND RESULTS

The physical measurements made for each PVT point were the tompera-
tures of the calorimeter, brushes, heat sink, room and the pressure.
In determining the molar volumes the masses of the gas in the calori-
meter fill tube, transducer manifold and the cell volume are required.

The temperature was always held to better than 0. 005°K and errors
from this were always less than 0. 1%. The pressure measurement
was good to 0. 1%, that is to the consistency of the calibration, and
produced an error in the mass which had the same order of magnitude.

The volume of the cell was known to 0. 1% but this varied somewhat

with pressure. The uncertainty of the temperature gradient in the fill
tube was unknown. However, examination of various temperature distri-
butions indicated that the overall error was likely to be € 0. 5% which
would produce an error of £ 0.2% in the calculated mass in the calori-
meter. In conclusion, the total error in the PVT measurements was

thought to be t 0.3%.

The PVT data showed very little scatter ard support the previous
conclusion. The average scatter in the pressure and molar volume was

¥ 0.05% and * 0. 4% respectively.

Several isopycnals were made with He4 gas to test out the apparatus.
These results are shown in Figure 5b where the results of Hill and
Lounasmaa (22) are also displayed. It can be seen that the agreement
between the two sets of data is good, better than 0.5%. These results
are an additional reason for thinking the correction for the mass of gas
in the fill tube is valid.

A total of 244 points was obtained for He3 which were smoothed graphi-
cally, and wre presented in Figure 6 as a P-T diagram. At the lowest
temperatures some of the corrections in the calculation of the mass in

the fill tube were obtained using these He3 results and the final results
shown were obtained by successive approximations. Plots were also
made of molar volume versus temperature, smoothed graphically and
then cross plotted as a P versus V diagram at constant T. There was
virtually no scatter in the cross plots which are shown in Figure 7 and
tabulated in Table II. Values of (3P /9 T)y are required in the corrections
applied to Cy, (see the following section) and these were taken from P-T
plots at constant V, which were obtained by cross plotting the P-V diagram
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and are shown in F'igure 8; the data are listed in Table III. Some oi the
plots () P,/)T)v against volume are shown in Figure 8 and the data are
listed in Table IV. Since the P-T plots are almost linear, one can write
(r/ dT)y = (AP/AT)V and the derivative couid be determined to * 5% at
all but the lowest temperatures where there was some curvature. The
P-T data which have been discussed here are used in Section V as the
basis for an equation of state between 4° and 20°K for He3 and any
further treatment of the data is most conveniently discussed there.

THE MEASUREMENT OF THE SPECIFIC HEAT, ERRORS AND RESULTS

The physical measurements made to determine the specific heat of the
gas at constant volume were the heat capacity of the calorimeter, the
temperatures before and after the heating period and the mass of gas in
the cell, which was calculated in the same way as for the PVT data.
There was the additional complication that some gas was expelled from
the cell during the heating period and a correction was necessary to
account for this. The cell volume varied with nressure slightly and this
introduced a further correction. The total sum of these corrections
amounts to ~ 5% approximately.

The errors in the physical measurements of pressure and volume have
been discussed previously. The temperature increment involved a small
difference and was not known to better than 0.01°K which produces an
error of + 1%. The energy input was known to ¥ 0. 1% as already noted
in the discussion on the energy measurement. The heat capacity of each
calorimeter was determined by several experiments with the calorimeter
evacuated. The results of these experiments are shown in Figure 5 for
the two calorimeters. The heat capacities of the calorimeters were
very close to that of blocks of copper of the same masses as the calori-
meters as may be seen from the graphs in Figure 5 where the heat
capacities of copper are also shown. The scatter in the data on the heat
capacity was low and the average scatter was * 0,1 J/OK. This would
introduce the same error in the heat capacity of the gas which amounted,
on average, to t 1.2%. The percentage error varied somewhat with the
amount of gas in the cell.

The other errors were associated with the thermodynamic :orreections
necessary to obtain Cy from the measurements taken. Ar inalysis of a
system of constant volume but variable mass contained in an «{iabnti-
calorimeter led to the following expression for the heat capacicy ¢ "2
gas:
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where

AqQ = heat input

AT = corrected temperature cifference

Cecal = heat capacity of the calorimicter

Cy = average molar heat capacity of the gas

%—% = change of molar volume with temperature

n,, = average number of moles in calorimeter

nj = initial number of moles in calorimeter
(-3,—1;)V= change of pressure with temperature at constant volume

The last term in the expression for Cy; amounts to ~6% of the total under
experimental conditions. Since (& P/bT)V and dV/dT were

both nearly linear they could be obtained accurately (¥ 5%) from the data,
the former from a cross plot and the latter from the experimental data.
The total correction term was known to ¥ 10% and this introduced an
error of ¥ 0.5% in the heat capacity data.

An additional correction for the linear variation of the cell volume with
pressure was very much smaller and was assumed to be independent of
temperature. The correction had the form

2
1 p dv
Cv = {Cuncorrected - (—‘;T - ap} )

24




where

n,, = average number of moles in the calorimeter

av . compressibility of the calorimeter

dpP
()-%) =  the change of pressure with temperature of the gas
J v at constant volume.

This correction was always less than 0,5%. The total sum of these amount
to ~3%; at low pressure of gas in the cell the error tended to be larger.
The results have un error of ~?3% and are in accord with this estimate.

A cross plot of Cy vs. V at constant T and at constant V is
shown in Figure 9 while the same data are listed in Table V.
The data are seen to be quite smooth.
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SECTION V.

CORRELATIONS OF THE PROPERTIES OF HE3:
THE EQUATION OF STATE

The experimental work described in Sections Il and IV is not sufficient to
describe the properties of HeY from 1°K to 100°K and while there are other
data for the liquid region (59) no data exist for temperatures higher than
20°K for any of the properties. It was necessary therefore to devise
correlations which could predict the properties of H§3 at temperatures above
0°K. Also to obtain the enthalpy and entropy of HeY from 4°K to 20°K an
eqtiation for the experimental PVT was obtained which represented the data
to ¥ 1%.

Differences between HeS and He4 arise primarily from quantum effects.

At higher temperatures a modified quantum version of the principle of
corresponding states was used in conjunction with accurate empirical equa-
tions of state for Ne and He4 to predict the PVT, HVT, and SVT surfaces

of He3 from 20°K to 100°K. Empirical equations were also developed for

the thermal conductivity of He4 and Ar and for the viscosity of Ar. These
equations were used, together with an existing equation for the viscosity of
Hy, with the quantum verasion of corresponding states to predict the transport
properties o1 gaseous He".

Where possib